A thermosensitive sporulation mutant of Bacilus subtilis containing a mutation in the secY gene was isolated and characterized. No asymmetric septum specific to the sporulation was detected by electron microscopy at the nonpermissive temperature, indicating that the block occurred at a very early stage of sporulation. Furthermore, competence development in the mutant cell was affected even at the sporulation-proficient temperature. It is assumed that the SecY protein ofB. subtilis has multiple roles both in the regulation of spore formation and in stationary-phase-associated phenomena.
Under conditions of nutrient limitation, Bacillus subtilis cells initiate a differentiation process leading to the production of dormant spores (15, 25) . Cells entering stationary phase also express a variety of responses including the induction of chemotaxis and motility, development of genetic competence, and production of extracellular enzymes and antibiotics. The transition from the vegetative to the sporulation phase requires at least seven genes known as spoO. spoO mutants cannot form an asymmetric septum, which is the first morphological change in the sporulation process. Some of the most crucial questions concerning the initiation of sporulation are what kinds of environmental signals trigger the process, how they are sensed by the vegetative growing cells, and how the cells respond to those signals. Among spoO genes, spoOA is thought to play a central role in the initial stage of sporulation since spoOA mutants exert the most pleiotropic effects on the sporulationassociated phenotypes described above (24) .
We have previously reported (6, 32) that the expression of the spoOA gene is regulated at the transcription level by switching two discrete promoters, Pv and Ps. Transcription from the upstream Pv promoter occurs at a low level in the vegetatively growing cells and ceases at the initial stage of the sporulation process (0.5 h after the end of log-phase growth [T0] ). On the other hand, transcription from the downstream promoter is essentially null in vegetatively growing cells but is induced at T0 .and continues to increase until T2.5. In the presence of high concentrations of glucose (e.g., 2% glucose), the promoter switching from the Pvdirected transcription to the Ps-directed one does not occur, which results in markedly reduced spore formation. It is known that a catabolite-resistant sporulation mutant carrying the crsA47 (sigA47) mutation (28) within the gene encoding or" (13) suppresses the glucose inhibition of the promoter switching from Pv to Ps.
SpoOA protein and SpoOF protein share sequence homology with receiver proteins (29, 35) of prokaryotic twocomponent signal transduction systems (24, 26) . It has been shown that SpoOA protein is a phosphoreceptor which accepts a phosphate moiety from the phosphorylated SpoOF protein by SpoOB phosphomessenger that is phosphorylated * Corresponding author.
by kinases which function depending on the particular environmental signals (4) . The series of phosphate transfer reactions in the initial stage of sporulation process is called a phosphorelay (4) .
We have previously isolated a B. subtilis gene homologous to Escherichia coli secY (18, 34) . The secY (priA) gene in E.
coli is essential and encodes a 49-kDa integral membrane protein (2, 3, 5) . Its temperature-sensitive mutation secY24 results in pleiotropic accumulation of the precursor forms of secretory proteins (23, 31) , and the alleles of priA can suppress the translocation defects of signal sequence mutations (7). The SecY protein has been postulated to form a channel for polypeptide translocation (1, 2). B. subtilis secY encodes a polypeptide of 431 amino acid residues that has 41% identity with the E. coli SecY. On the basis of the similarity of the distribution of hydrophobic amino acids, B. subtilis SecY protein is predicted to be an integral membrane protein with 10 membrane-spanning segments and also to be a component of the protein export apparatus (18, 27) .
In this paper, we describe the isolation and characterization of a sporulation-deficient mutant having a mutation site in the secY gene. Sadaie and Kada (20) reported previously that strains carrying septum-initiation mutations were defective in sporulation and competence development. One of these genes was recently found to be B. subtilis secA (22) . E. coli SecA is a peripheral membrane protein involved in the translocation of secretory proteins (19) and has been suggested to interact with SecY (8) . Therefore, it might be generally considered that the protein transport apparatus is involved in the regulation of sporulation. The mechanism of protein transport in B. subtilis is poorly understood, and no detailed study on (Fig. 1) . When the cells were shifted from 37 to 45°C after T5, the sporulation frequencies were close to the wild-type level, and similar frequencies were obtained when the cells were shifted from 45 to 370C before T-05. The frequencies of wild-type UOT-1248 were not affected by these temperature shifts (data not shown). These results indicated that the mutant cells must be at the permissive temperature from T-0.5 through T5 to sporulate normally. Electron microscopy observation. To study the morphological phenotype of HR71, T2 cells of HR71 grown at either 37 or 450C were analyzed by electron microscopy as described previously (30) . Both vegetative and spore septa were visible in the cells grown at 370C, and a typical photograph of the spore septum is shown in Fig. 2A . On the other hand, we observed no spore septum among about 100 cells grown at 450C (Fig. 2B) . Even when the cells were cultivated for a prolonged period until T4, no spore septum was observed (Fig. 2C) . While the wild type UOT-1248 cells showed similar morphology at either temperature and spore septa were observed even in the T2 cells grown at 450C (data not shown).
Competence of HR71. The transformation frequency of HR71 was compared with that of UOT-1248 by using UOT-0278 (hisAl metBSJ) chromosomal DNA as a trp+ donor and plasmid pUB110 as a Kmr DNA. The numbers of transformants of HR71 per milliliter per microgram of DNA were 8.5
X 103 with trp+ and 1.5 x 102 with Kmr DNA, values which are more than 100-fold lower than those for UOT-1248 (3.0 x 106 and 1.0 x 105 transformants per ml per pg of DNA, respectively). These results indicate that HR71 has a deficiency in some step of DNA uptake or recombination. S1 nuclease protection assay of spoOA transcript. The results of electron microscopy analysis showed that the sporulation was blocked at a very early stage, since no asymmetric spore septum formation was visible at the high temperature. This morphology is the same as that of spoO mutants; therefore, we analyzed the expression of spoOA in the mutant cells. HR71 cells were grown in 2x SG medium at either 37 or 450C, and total cellular RNA was extracted at the vegetative (T-0.5) and stationary (T2) phases. An S1 nuclease protection assay using a 32P-labeled anti-spoOA RNA probe (Al probe [6] ) was carried out. As reported previously (6) , the differential expression of the spoOA gene is regulated by switching the promoter from Pv to Ps during the initial stage of sporulation. When the HR71 cells were grown at 370C, the promoter switching was clearly seen; on the other hand, the Ps promoter was hardly activated in the cells grown at 450C (Fig. 3) . Since the promoter switching of wild-type UOT-1248 cells grown at 450C could be observed just as it was in the cells grown at 370C (data not shown), these results indicated that at least a part of the role of the SecY protein is in the activation of spoOA Ps promoter and may explain the very early block in the sporulation process at 450C.
Conclusions. The regulation of spoOA gene expression is complex (24) . In particular, the expression from the Ps promoter, which is thought to be one of the most important steps in the initiation of sporulation, is regulated by many gene products (4, 6, 32, 33) . These gene products may sense the cellular environment and determine whether the cells should proceed to sporulation or keep growing. There may be several checkpoints in turning on successive gene expression before the spoOA Ps promoter is stimulated. The results presented here strongly suggest that the secYgene product is also involved in the regulatory network of spoOA gene expression. The crsA47 or sof-J (sigA47), mutation, which is known to bypass the requirement of the SpoOF, SpoOB, or SpoOE protein in the phosphorelay system leading to the phosphorylation of SpoOA (10, 12), could not overcome the sporulation deficiency of the secY76 mutation (data not shown). Therefore, the SecY protein has a role in the regulation of the spoOA gene somewhere downstream of the phosphorelay system or through a completely different pathway. Although we do not know the precise point at which the SecY protein functions, it is unlikely that SecY directly regulates spoOA transcription. Since SecY is considered a component of the protein translocation apparatus, the secY76 mutation may affect the transport of an exoprotein that is involved in the initiation of sporulation and competence. The mutant cell has to be at a permissive temperature from T-0.5 through T5 to proceed to a normal level of sporulation, and thus, the SecY protein should function throughout this period. The function of the spoOA gene has been shown not to be required for sporulation after T2.5 (13) .
These results indicate that the SecY protein functions in at least two steps, one corresponding to activation of spoOA gene expression and another after the spoOA gene is activated. The time T5 corresponds to the completion of forespore development.
The mutation site of secY76 is located in the putative second membrane-spanning domain in the SecY protein. This site is also located in the highly homologous region reported among SecY proteins (9) . Indeed, the proline residue that is mutated to leucine in the HR71 strain is conserved in 14 SecY proteins, ranging from eukaryotic to mycoplasma proteins (9, 11, 17) .
Another feature of this mutant is the deficiency of genetic competence. Although the transformation experiments were carried out at 370C, at which they sporulate normally, the frequency was 100-fold lower than that of wild-type cells (see above). As determined by analysis with a lacZ fusion, the expression of the spoOA gene in HR71 was reduced even at 370C (data not shown). The development of competence is known to require the spoOA gene product (21) , and this may explain the low competence of HR71, while the residual activity of SpoOA is sufficient for sporulation to proceed at this temperature.
The effect of the secY76 mutation on protein secretion is not yet well characterized. However, the production of oc-amylase or extracellular protease is not retarded in HR71 at either 37 or 450C (data not shown). Preliminary results showed similar rates of precursor processing for ot-amylase, indicating that the secY76 mutation does not affect secretion of this enzyme.
